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SUMMARY 

Method and sensor arrangement for determining a load vector acting on a rolling 
element bearing (1) in operation. A plurality of N sensors (8) are provided which 
measure displacement and/or strain for determining displacement and/or strain in one 
of the elements (5, 6, 7) of the rolling element bearing (1). Furthermore, a mode shape- 
coefficients calculator (1 1) is provided, connected to the plurality of N sensors (8), for 
detennining a deformation of the element (5, 6, 7) by calculating amplitude and phase 
of N/2 Fourier terms representing at least one radial mode shape of the ring shaped 
element (5, 6, 7). Also, a bearing neural network (12) is present, connected to the mode 
shape coefficients calculator (11), the bearing neural network (12) being trained to 
provide the load vector on the rolling element bearing (1) from the N/2 Fourier terms. 

[Fig. 4] 
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Method a nd sensor arrangement for load measurement on rolling element bearing based 
on modal deformation 

Field of the invention 

. The present invention relates to load measurements on rolling element bearings, 
such as ball bearings or roller bearings. More specifically, the present invention relates 
to a method and sensor arrangement for determining a load vector acting on a rolling 
element bearing, comprising measuring displacement and/or strain using N sensors for 
determining displacement and/or strain in a ring shaped element of the rolling element 
bearing. 

Prior art 

Such a load measuring method and sensor arrangement are e.g. known from 
American patent US-A-5,140,849, which describes a rolling element bearing with a 
sensor unit The sensor unit comprises two sensor elements, in the form of strain 
gauges, which effectively measure a number of performance characteristics of the 
bearing, including the applied load, rotational speed and acceleration. 

However, this known sensor arrangement is not capable of measuring the total 
load vector applied to the bearing. Presumptions are made based on the bearing 
configuration (mostly empirical) how the load on the bearing is sensed by the two 
sensor elements, and thus how the load on the bearing can be determined from the 
sensor element signals. Also, due to the non-linear natureuof a bearing, a relative 
straightforward vibration measurement method using the ball pass frequency is not 
sufficient to determine the loading on the bearing in a general sense. 

Summary of the invention 

The present invention seeks to provide an improved method and sensor 
arrangement for determining the load on a roller bearing, which is capable to determine 
the complete load vector on the bearing, i.e. three orthogonal force components and 
two moments (the moment around the rotation axis of the bearing being of no 
importance). 

According to a first aspect of the present invention, a method is provided 
according to the preamble defined above, in which the method further comprises 
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detennining a deformation of the element by calculating amplitude and phase of N/2 
Fourier terms representing at least one radial mode shape of the ring shaped element, 
and feeding the N/2 Fourier terms to a bearing neural network, the bearing neural 
network being trained to provide the load vector on the rolling element bearing from 
5 the N/2 Fourier terms. The bearing element of which a deformation is measured using 
the sensors, may be the inner or outer ring, or even one of the rolling elements. 

This method has the advantage that it is possible to determine the load vector in 
all orthogonal dimensions on all positions of the rolling element bearing component by 
using measurements of the component deformation. It has been found that it is possible 
0 to train a neural network to provide the load vector as an output result, using the 
calculated mode shape coefficients as input, where the relationship between the input 
signals or data and the output result is a non-linear relationship. 

Li a further embodiment, the rolling element bearing comprises two rows of 
coaxial bearings, the ring shaped element of the rolling element bearing being the 
5 bearing outer ring of one of the two rows of coaxial bearings. It has been found, that 
using only measurements from a single row, it is possible to obtain the load vector on 
the bearing arrangement as a whole. 

The N sensors may comprise strain sensors in a further embodiment, and the at 
least one radial mode shape comprises a mode shape of order zero and one or more 
mode shapes of order two or higher. Using strain sensors, displacement (zero order 
mode shape) of the bearing element can not be measured, but using the present method, 
it is still possible to obtain a load vector result with sufficient accuracy. 

In an even further embodiment, the N sensors comprise displacement sensors, 
and the at least one radial mode shape comprises one or more mode shapes of order 
zero and higher. Using displacement sensors, measurement data relating to all mode 
shapes which together form the bearing element deformation may be obtained, yielding 
a higher accuracy of the resulting load vector. 

To further improve the measurement result quality, N/2 Chebyshev polynomial 
coefficients are determined from the sensor signals, representing at least one axial 
mode shape of the ring shaped element 

The bearing neural network is, in a further embodiment, trained using a plurality 
of data sets, each data set comprising a predefined load vector on a specific type of 
rolling element bearing and associated measurement data from the N sensors. 
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In a further aspect, the present invention relates to a sensor arrangement for 
determining a load vector acting on a rolling element bearing in operation, the sensor 
arrangement comprising a plurality of N sensors for measuring displacement and/or 
strain for detennining displacement and/or strain in one of the elements of the rolling 
element bearing, a mode shape coefficients calculator, connected to the plurality of N 
sensors, for determining a deformation of the element by calculating amplitude and 
phase of N/2 Fourier terms representing at least one radial mode shape of the ring * 
shaped element, and a bearing neural network, connected to the mode shape 
coefficients calculator, the bearing neural network being trained to provide the load 
vector on the rolling element bearing from the N/2 Fourier terms. 

This sensor arrangement provides advantages comparable to the advantages 
discussed above in relation to the present method. Embodiments of the present sensor 
arrangement are described in the dependent sensor arrangement claims. 

Short description of drawings 

The present invention will now be explained in further detail using a number of 
exemplary embodiments, with reference to the accompanying drawings, in which 

Fig. 1 shows a cross sectional view of a rolling element bearing provided with a 
number of displacement sensors; 

Fig. 2 shows a cross sectional view of the rolling element bearing of Fig. 1 across 
the line II-II; and 

Fig. 3 shows a block diagram of a sensor arrangement according to an 
embodiment of the present invention. 

Detailed description of exemplary embodiments 

In Fig. 1 a cross sectional view is shown of a rolling element bearing 1, e.g. a ball 
bearing or roller bearing. The rolling element bearing 1 comprises an outer ring 5, an 
inner ring 6 and a number of rolling elements 7, such as balls or rollers (the number of 
rolling elements 7 being eight in the drawing). The outer ring 5 of the rolling element 
bearing 1 is fixed in a sensor holder 2, which forms the fixed world for the rolling 
element bearing 1. In the sensor holder 2 eight sensors 8 are provided at locations 
facing the bearing outer ring 5 with (angular) spacing corresponding to the angular 
spacing of the rolling elements 7 of the bearing 1. The sensors 8 may e.g. be 
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displacement sensors or vibration sensors, known as such to the person skilled in the 
art. 

As shown in the cross sectional view of Fig. 2, the bearing outer ring 5 is 
provided with a recession 3 at its outer periphery. The outer surfaces of the bearing 
outer ring 5 are in close contact with the sensor holder 2. The sensors 8 can thus 
monitor any deformation of the surface of the recession 3 of the outer ring 5 as a result 
of the rolling elements 7 jpassing by and the force vector applied to the bearing 1 . 

For the person skilled in the art, it will be clear that the circumferential recession 
3 may also be provided in the sensor holder 2, such that a (local) deformation of the 
outer surface of the bearing outer ring 5 is possible. It will also be clear to the person 
skilled in the art, that it is possible to use sensors 8 monitoring the inner surface of the 
bearing inner ring 6, and that the bearing inner ring 6 (or the supporting inner ring 
holder analogue to the sensor holder 2) may be provided with a circumferential 
recession 3. 

In Fig. 1, also an x-axis and y-axis are indicated, a z-axis being defined as being 
orthogonal to both the x- and y-axis (extending perpendicular to the surface of the 
drawing). Furthermore, two rotational axes may be defined, e.g. rotational axes around 
the x- and y-axis, respectively, hi general, the rolling element bearing 1 is in operation 
subjected to a force vector / , comprising three force elements in the x-, y- and z- 

direction, respectively, and two moment elements around the x- and y-axis, 
respectively. 

Bearings are more and more made in the form of units containing two rows of 
bearings that can cope with a combination of axial forces, radial forces and bending 
moments. An example of such a bearing unit 10 having two rows of bearings 1, T, is 
shown in Fig. 3. Such units 10 may be used as the wheel bearing of a modem car, that 
consists of a flange or beam to mount the bearing unit 10 to the structure and a rotating 
part that is connected to the wheel. 

In general, the load on a bearing unit 10 can include forces in three directions as 
well as moments over the three axes. The forces and moments on the bearing unit 10 
lead to predominantly radial and axial forces on the individual bearing rows 1, l f in the 
unit 10. The outer ring 5 of the unit 10 responds to the forces on the rows 1, T by 
deforming elastically. 
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Basic to the present invention is the understanding that any mechanical object, 
such as the bearing inner or outer ring 5, 6, or also the rolling elements 7, can only be 
deformed according to its natural mode shapes. According to component mode 
synthesis (CMS) technique, the natural mode shapes can be described using a specific 
set of equations, as e.g. described in J.A. Wensing, 'On the dynamics of ball bearings 1 , 
ISBN 90-36512298, which is incorporated herein by reference. 

The outer ring 5 deformation is the sum of forced modes (mode shapes) of the 
unit 10 and it is known.that these can be described with polynomial functions. The 
deformation is, in an embodiment, described with Fourier series for the circumferential 
direction and e.g. Chebyshev polynomials for the direction parallel to the axis of 
rotation of the bearing unit 10. 

It is not strictly necessary to determine the mode shapes in the axial direction. It 
is found that circumferential information on one row 1, V of such a bearing unit 10 is 
sufficient. However, it has been found that using measurements relating to the axial 
mode shapes allows to determine the contact angle of the load. 

The circumferential Fourier terms are measured by using an adequate amount of 
sensors 8 that measure the displacement and/or the strain. Note that strain measurement 
can determine modes 0 ("breathing mode"), 2 (oval deformation), 3 (triangular 
deformation) etc. but not mode 1 (rigid body movement). Displacement measurement 
can determine the radial mode shapes including the rigid body mode determining the 
relative displacement of inner ring 6 against outer ring 5 on regularly spaced locations. 
With N sensors 8, it is possible to determine the amplitude and phase of N/2 different 
Fourier terms that represent the radial mode shape of the ring 5. 

In the embodiment shown in Fig. 3, a single row 1 is fitted with associated 
sensors 8. In a further embodiment, both rows 1, 1' maybe fitted with sensors 8, 
allowing to determine the load on the bearing with higher accuracy and robustness. 

The mode amplitudes and phases are a function of the radial and axial forces on 
the bearing row 1, 1' that is measured. The load on a bearing row 1, l f is the sum of the 
individual contact forces in that row 1, 1'. 

The outer ring 5 of the bearing unit 10 is deforming due to the forces but the 
deformation is influenced by the contact stiffiiess of the individual rolling contacts. The 
amplitude of the individual mode shapes is therefore not linearly coupled to the loads. 
The amplitudes of the modes that describe the deformations however are all 
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monotonously dependent on the load. In practice, non-linear Artificial neural networks 
are very capable of reconstructing the net loading on a bearing unit 10 from the non- 
linear input. 

In Fig. 4, a schematic diagram is shown of a sensor arrangement according to an 
embodiment of the present invention. The sensors 8 are connected in parallel to a mode 
shape coefficient calculator 11, which is arranged to derive the amplitude and phase 
values of the generalized mode shapes from the input signals of the sensors 8. As an 
example, Fig. 5 shows a plot of the amplitude values of mode shapes for a specific 
arrangement, for the modes 0 to 5. 

The amplitude and phase of the mode shapes are input to a bearing neural 
network 12, which has been trained to provide the bearing load using the amplitude and 
phase signals as input. Design and training of a neural network to provide an output 
signal from a plurality of input signals, where a non-linear relationship exists between 
the input signals and the output signal, is well known in the art, and needs no further 
explanation. The neural network can e.g. be trained using data sets, where each data set 
comprises a load vector actually applied to the bearing unit 10 (desired output of neural 
network 12) and the measured (and processed) sensor data associated with that load 
vector. In general, the non-linear relationship mentioned is dependent on the type of 
bearing unit 10 used, and possibly also dependent on mounting specifics. In that case, 
the bearing neural network 12 is trained for that specific situation. 

The mode shape coefficients calculator 11 and bearing neural network 12 may 
each be implemented using a general purpose computer or a dedicated signal 
processing system, or in combination. The mode shape coefficients calculator 11 and 
bearing neural network 12 be further connected to memory means (not shown) for 
storing parameters, data and processing results. Also, the bearing neural network 12 
may be connected to interface means (not shown), e.g. for providing an output of 
processed results on a display or printer. 

The mode shape coefficients calculator 1 1 is arranged to process the signals from 
the sensors 8, and may comprise e.g. filters, amplifiers, etc., or digital signal processing 
means, such as analog-to-digital converters, digital filters, arithmetic logic units, etc., or 
a combination of both. 

When it is known in advance, e.g. due to the construction in which the rolling 
element bearing 1 is used, that the force vector will be directed in mainly one direction, 
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it is sufficient to use a smaller number of sensors 8 in the present sensor assembly. If it 
is e.g. known that the force vector will be predominantly directed in a single direction, 
it may be sufficient to provide only e.g. three sensors adjacent to each other in that 
direction, because that will be the only region of the outer ring 5 were deformations 
will occur. This simplifies the sensor assembly, while retaining sufficient accuracy. 
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1. Method for determining a load vector acting on a rolling element bearing (1), 
in which the method comprises: 

measuring displacement and/or strain using N sensors (8) for determining 
displacement and/or strain in a ring shaped element (5, 6, 7) of the rolling element 
bearing (1); 

deterrnining a deformation of the element (5, 6, 7) by calculating amplitude and 
phase of N/2 Fourier terms representing at least one radial mode shape of the ring 
shaped element (5, 6, 7); 

feeding the N/2 Fourier terms to a bearing neural network (12), the bearing neural 
network (12) being trained to provide the load vector on the rolling element bearing (1) 
from the N/2 Fourier terms. 

2. Method according to claim 1, in which the rolling element bearing (1) 
comprises two rows of coaxial bearings (1, 1'), the ring shaped element of the rolling 
element bearing being the bearing outer ring (5) of one of the two rows of coaxial 
bearings (1, 1'). 

3. Method according to claim 1 or 2, in which the N sensors (8) comprise strain 
sensors, and the at least one radial mode shape comprises a mode shape of order zero 
and one or more mode shapes of order two or higher. 

4. Method according to claim 1 or 2, in which the N sensors (8) comprise 
displacement sensors, and the at least one radial mode shape comprises one or more 
mode shapes of order zero and higher. 

5. Method according to one Of the claims 1 through 4, further comprising 
determining N/2 Chebyshev polynomial coefficients from the N sensor signals, 
representing at least one axial mode shape of the ring shaped element (5, 6, 7). 

6. Method according to one of the claims 1 through 5, in which the bearing neural 
network (12) is trained using a plurality of data sets, each data set comprising a 
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predefined load vector on a specific type of rolling element bearing (1) and associated 
measurement data from the N sensors (8). 

7. Sensor arrangement for determining a load vector acting on a rolling element 
bearing (1) in operation, the sensor arrangement comprising 

a plurality of N sensors (8) which measure displacement and/or strain for 
determining displacement and/or strain in one of the elements (5, 6, 7) of the rolling * 
element bearing (1); 

a mode shape coefficients calculator (11), connected to the plurality of N sensors 
(8), for determining a deformation of the element (5, 6, 7) by calculating amplitude and 
phase of N/2 Fourier terms representing at least one radial mode shape of the ring 
shaped element (5, 6, 7); 

a bearing neural network (12), connected to the mode shape coefficients 
calculator (1 1), the bearing neural network (12) being trained to provide the load vector 
on the rolling element bearing (1) from the N/2 Fourier terms. 

8. Sensor arrangement according to claim 7, in which the roiling element bearing 
(1) comprises two rows of coaxial bearings (1, 1% the ring shaped element of the 
rolling element bearing being the bearing outer ring (5) of one of the two rows of 
coaxial bearings (1,10. 

9. Sensor arrangement according to claim 7 or 8, in which the N sensors (8) 
comprise strain sensors, and the at least one radial mode shape comprises a mode shape 
of order zero and one or more mode shapes of order two or higher. 

10. Sensor arrangement according to claim 7 or 8, in which the N sensors (8) 
comprise displacement sensors, and the at least one radial mode shape comprises one or 
more mode shapes of order zero and higher. 

1 1. Sensor arrangement according to one of the claims 7 through 10, in which the 
mode shape coefficient calculator (11) is further arranged to determine N/2 Chebyshev 
polynomial coefficients representing at least one axial mode shape of the ring shaped 
element (5, 6, 7). 
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12. Sensor arrangement according to one of the claims 7 through 1 1, in which the 
bearing neural network (12) is trained using a plurality of data sets, each data set 
comprising a predefined load vector on a specific type of rolling element bearing (1) 
and associated measurement data from the N sensors (8). 

1 3. Sensor arrangement according to one of the claims 7 through 12, in which the 
bearing inner ring (6) or outer ring (5) are attached to a sensor holder (2), a 
circumferential recession (3) being provided between at least part of the contacting 
surfaces of the inner ring (6) or outer ring (5) and the sensor holder (2). 
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